Abstract: Visual object tracking has many applications related to computer vision. Recently, correlation filter based trackers have been ranked as the highest performers in this field. However, handling chronic problems such as occlusion, deformation, and scale variations is difficult with such trackers. These problems are solved by many other researches that employ other features and improve an appearance update. In this paper, we propose an improved CSK (Circulant Structure with Kernel) tracker using object feature decomposition in the wavelet domain. Specifically, a newly created correlation kernel is generated from different filter-banks reflecting the visual properties of a given object, and it is stable and robust to the environmental variations. Experimental results demonstrate that the proposed scheme outperforms the conventional CSK tracker in terms of center location error by 59% on an average for 100 sequences. Therefore, we believe that the proposed tracker can be useful for robust object tracking in occlusion.
Introduction
Visual tracking is one of the most challenging problems in computer vision, and is very useful in many applications such as robotics, driver assistance system, surveillance system, and augmented reality. The objective of visual tracking is to estimate the location of a target object in a video. The tracking accuracy is affected by scale variation of the target object, background clutters, and illumination variation. Therefore, visual tracking should consider not only current states but also background context. Previous approaches [1] [2] [3] [4] employ a training-based scheme in order to separate the object from the background in a given scene. TLD (Tracking-Learning-Detection) [1] consists of a detector and a tracker. The tracker, which is based on optical flow, is trained to track the detected object, and adaptively deals with the object's changing states. An MIL (Multiple Instance Learning) tracker [2] uses Haar-like features and trains the instance in object as positive. OAB (Online AdaBoosting) [3] and ORF (Online Random Forests) [4] trackers handle object tracking as a classification problem in the same manner. IVT (Incremental Visual Tracker) [5] showed high performance with the adaptive update appearance model, which is based on PCA (principal component analysis), considering rotation and size changes of the object for obtaining robust tracking results. Struck tracker [6] uses the kernel-based structured output built on SVM (support vector machine) in order to separate the background and the object. After the MOSSE (Minimum Output Sum of Squared Error) filter [7] was proposed, the correlation filter, which is one of the classical techniques, has been used for visual tracking. There is a need for improving visual trackers and simulated with the combination of the various existing methods and correlation filter. The CSK tracker [8] reported notable speed and an impressive tracking performance. However, the performance of the CSK tracker is affected by various factors. This is because the CSK tracker uses only raw data from the images. Thus, an additional color attribute tracker [9] has been proposed. Based on the CSK tracker, the KCF (Kernelized Correlation Filter) tracker [10] adopts the HoG (Histogram of Gaussian) feature instead of using intensity data. In this paper, the stable kernel correlation map, based on the CSK tracker, is obtained by expanding intensity feature into a wavelet feature that is not sensitive to the changes in the background.
Fig. 2. Proposed flowchart
This paper is organized as follows. In Section 2, we explain the CSK tracker and the proposed method. The experimental results are reported in Section 3. We further discuss and conclude our work in Section 4.
Proposed method

A. CSK tracker
In this section, we briefly introduce the CSK tracker. Correlation filter is calculated in the frequency domain. By a property of the Convolution Theorem, convolution between two signals in the spatial or time domain can be computed simply by element-wise product in the frequency domain, which provides efficient computation.
CSK tracker is based on the correlation filter, which can be expressed using all the samples through cyclic shifting for dense sampling [8] . Therefore, the kernel matrix of input data has a circulant structure and is represented in the form of data via the cyclic shift [11] . Thus, CSK tracker is obtained as a closed-form solution of ridge regression and radial basis function [12] using a circulant structure.
B. CSK tracker with Wavelet transform
In this paper, we extend the single intensity feature, which is a main component in CSK, to wavelet transformbased features. Wavelet transform decomposes an input image by using low pass and high pass filters. Fig. 2 shows decomposed sub-bands [13] . Each feature map is generated by applying two operators, horizontally and vertically, sequentially. L and H denote low pass filtering and high pass filtering, respectively. 
where x is a current frame image of interested region, and z is an updated image. F and 1
F
 are Fourier transform and its inverse transform, respectively. " * " is a complex conjugate. The symbol " " denotes an element-wise product operator. Total kernel correlation total k is obtained from combining each sub-band kernel correlation as
where  is set to 0.25. This implies that the importance of each sub-band kernel is equal. In general, when two signals are similar to each other, correlation output has a high value and a sharp peak. In Fig. 4 , LL k gives a sharper peak than the others. However, it is sensitive to some factors, such as illumination variation. On the other hand, the kernel correlations from high-frequency components are less sensitive than those from low-frequency components as variations in the background prevail. Therefore, we combine all the kernel correlation results to consider statistical property of each sub-band. In Fig. 5 , it can be easily observed that the entropy value is almost constant and the newly generated total kernel correlation is stable. Kernel regression using the computed kernel correlation is defined by
where,  is set to 0.01, and y is a predefined regression target with Gaussian shape. The response map R can be calculated using the kernel correlation and  . R is generated by element-wise multiplication in the frequency domain and back into the spatial domain using the inverse Fourier transform.
Subsequently, predicted track coordinates in the new frame can be estimated by finding the maximum value of the response map. The update model of CSK tracker is based on a simple linear interpolation given by 
Experimental Results
In order to evaluate the performance, each algorithm was implemented using Matlab and processed on an i5 CPU with 16GB RAM. The low pass filter and the high pass filter for wavelet transform are used to [1 2 1]/4 and [1 -2 1]/4, respectively. The proposed method is compared with a conventional CSK tracker using commonly used 100 benchmark sequences [14] . These videos have variable attributes including occlusion, scale variation, deformation, illumination variation, etc. Table 1 shows the Center Location Error (CLE) to measure the tracking accuracy. The CLE is calculated using the Euclidean distance between the ground-truth and the center of all tracked points. A smaller value means a more accurate result. The CLE of the proposed method is 101.4, which is an improvement by about 59% over the original CSK tracker.
Conclusion
This paper proposed a sub-band feature-based tracking method using wavelet transform in order to improve the CSK tracker. The intensity data in the CSK was extended with the wavelet feature data, which brought in improved kernel correlation by combining each wavelet sub-band based correlation. The experimental results showed that the proposed method outperformed the CSK tracker in terms of CLE by 59% decreased error on average for all 100 sequences. Future research will focus more on accurate scale estimation schemes and less on computational complexity tracker. 
